Insa Franco, R.; Hidalgo Signes, C.; Martínez Fernández, P.; Medel Perallon, E. (2015). Characterisation of an unbound granular mixture with waste tyre rubber for subballast layers. Materials and Structures. 48(12):3847-3861. doi:10.1617/s11527-014-0443-z. Abstract. Scrap tyres are a solid waste material produced in large quantities. One potential way of disposal is to use rubber particles from shredded tyres as a construction material. Within this context, this paper presents a comprehensive set of laboratory and field tests carried out to evaluate the characteristics of coarse aggregates mixed with rubber particle. The main objective is to assess whether these mixes could be used to form the subballast layer in new railway lines. All the technical features usually required for subballast were tested, including degradation, bearing capacity, density, resilient modulus, etc. The results show that adding between 1 and 10% of rubber (in weight) improves resistance to degradation. On the other hand, bearing capacity is reduced, but still well over the usual range for common subballast if the rubber content is limited to less than 5%. Moreover, the extension and compaction of these mixes can be done using conventional construction equipment.
Introduction
Nowadays scrap tyres represent a certain challenge for our societies. They are produced in increasingly large quantities and their disposal is rather difficult. If burned, they release toxic particles (including carcinogens) and greenhouse gases, a risk that is also present if stockpiled (Sharma et al., 2000) . Another traditional option is to dispose them in landfill sites, but this alternative is being banned for their risks, including pollution of ground waters. In fact, at European level it is completely forbidden (Directive 1999/31). Therefore, alternative ways of scrap tyres disposal should be developed to address this severe environmental issue.
Among the options proposed in the past years, using shredded scrap tyres as raw material for construction seems to be very promising, as it will allow the disposal of this residue in large quantities under new roads and railways lines. However, these options should be studied in depth so as to ensure that rubber additions do not reduce the properties of the other materials involved or compromise the behaviour of the whole infrastructure.
Within this context, the present paper aims to test the behaviour of unbound mixes made of coarse aggregates and rubber chips from scrap tyres and compare them with traditional subballast materials made only of coarse aggregates. The objective is to assess whether these new mixes fulfil all the requirements established by Spanish Railway Regulations and, if so, to determine which percentage of rubber content would yield the bests results. In this way, this new mix may substitute traditional subballast materials, providing both a promising option for scrap tyres disposal as well as a material whose properties satisfy all the technical constraints.
Literature review
As explained before, the use of scrap tyres in civil engineering has been proposed and studied over the past few years. First attempts were carried out in the USA, as this country was the first to deal with the accumulation of large quantities of scrap tyres. Out of these experiences and the need of a working framework, the American Society for Testing and Materials developed a Standard (ASTM D6270-98) which regulates the use of this waste material in different civil engineering applications.
In Europe, the Waste Framework Directive 2008/98/CE defined strategic objectives for scrap tyres collection, processing, reuse and recycling. This Directive, transposed to national legislations, encourages reusing this waste material in new applications, including public works.
In Spain, between 2006 and 2012, the company responsible for managing scrap tyres (SIGNUS) handled about 1.15 million tonnes, of which about 58% were reused as raw material, 33% were burned (mainly for cement production and energy generation) and only 9% were retreaded. Of the total used as raw material, only a 4% (about 27000 tonnes) was used in civil engineering, the rest used in diverse applications such as artificial grass fields, pavements, etc. (SIGNUS, 2012) . This is far from the expected goal of using at least 100000 tonnes in earth works, as established by the Spanish National Plan for Scrap Tyres 2007-2015. Therefore, there is a clear drive for encouraging the use of tyre shreds in civil engineering, and this will only be achieved if the material is conveniently tested and accepted as a valid construction material. This is the main motivation behind this paper.
There are different ways of using scrap tyres particles in civil engineering. They can be laid as a standalone layer, or can be mixed with other materials such as bitumen, cement or granular soils.
The way the tyres are processed (as shreds, chips, buffings, etc.) is also of particular importance, as studied by Edinçliler et al. (2010) . Another important aspect is the potential environmental impact that the use of tyre shreds may have. According to Sheehan et al. (2006) , the risk to aquatic ecosystems posed by leakage from tyre shreds used in road platforms is rather low, providing there is a certain buffer distance between the infrastructure and the water body.
As an example of rubber-only layer, in 1998 a 10 metre high embankment was built in Portland, Maine (USA) with a core made entirely of scrap tyres shreds (Humphrey and Blumenthal 2010) .
The measured settlement was lower than predicted from previous laboratory tests (4% on average at the top of the core) (Humphrey et al., 2000) .
In 2001, a 0.3 metre thick layer of rubber tires was placed between the ballast and sub-ballast of a railway track, in the network operated by the Santa Clara Valley Transportation Authority (VTA) in California (USA), providing some reduction of vibration levels for frequencies over 31.5 Hz (Wolfe et al., 2004) .
A more recent example is the 2007 joint project between 'Universidad Politécnica de Cataluña' (UPC), ACCIONA I+D and IBERINSA. An embankment was built in the M-111 road in the province of Madrid (Cano et al. 2011 ). Up to 270000 scrap tyres were used (i.e. about 2200 tonnes), and a settlement of about 2% of the total embankment height was measured.
Rubber shreds from scrap tyres can be also added to bituminous and concrete mixes. Several studies have been carried out over the past years following this line of research; particularly in Italy were bituminous sub-ballast layers have been widely used for 30 years. Examples of this range from purely theoretical approaches (Di Mino et al., 2012) to computer modelling through finite elements (Wang and Zeng, 2004) and laboratory and field tests (Buonnano and Mele, 2000) . The latter studied the bearing capacity, durability and vibration damping of mixes with a rubber content between 4% and 8%, showing an overall better performance when compared to mixes without rubber.
It is evident that there is extensive literature regarding the use of rubber-only layers and rubbermodified bituminous layers in civil engineering. The mixture of rubber particles with coarse aggregates to form layers of unbound material is far less studied, hence only a few examples have been found.
In terms of laboratory tests, Feng and Sutter (2000) studied the shear modulus and damping coefficient of rubber-sand mixes by means of Resonant Column Test, but failed to obtain any significant result. More interesting and recent is the work of Nahkaei et al. (2012) , who carried out triaxial tests for different mixes of soil and rubber. These tests showed that the higher the content of rubber from scrap tyres, the lower the shear modulus. Additionally, the damping coefficient tends to drop when the content of rubber is increased for pressures between 50 and 100 kPa. The opposite effect is observed for pressures between 200 and 300 kPa.
From a more practical point of view, rubber and sand mixed in equal proportion were used to form the 2 m height embankment core in the State Road 31 in Lakeville, USA (Salgado et al. 2003; Yoon et al. 2005) . After 200 days of ordinary traffic only 12 mm of settlement were detected and there were no problems of stability. The magnitude of the settlement is similar to others measured in both railway (Melis, 2006) and road (Vipulanandan et al., 2002) embankments without the addition of tyre shreds.
These few works reviewed show both the potential of unbound coarse aggregates mixes as construction material and the relatively low experience regarding such mixes when compared with other alternatives. Therefore, the study of unbound rubber-coarse aggregates mixes in order to better determine its properties and assess its reliability is well justified. Particularly the study of the substitution of traditional granular sub-ballast with unbound mixes is of particular interest, as most of the previous experiences have focused on roads instead of railways.
Materials and methods
In this section a description of all the laboratory and field tests carried out is given.
Material selection and sampling
The first step to design and test new unbound mixes was to select the proper materials. Rubber from scrap tyres was provided by a company specialised in scrap tyres treatment. This company was a member of SIGNUS, an organization formed by the main tyre producers in Spain and devoted to their proper management and disposal. The material delivered was required to be free of steel wires, present a low percentage of fibres and a particle size lower than 20 mm. Once both materials were received and stored in the laboratory, samples were taken for the different tests to be carried out. Selection was made according to the ASTM D75/D75M-09. Figure 1 shows the different samples taken, where NFU20 refers to tyre shreds with a maximum size of 20 mm, NFU2 refers to a maximum size of 2 mm and NFU1 refers to a maximum size of 1 mm. Materials were mixed in terms of weight instead of volume as this is the most practical and common way to control mixtures of aggregates in-situ. Measuring volumes is usually inaccurate and even unfeasible in construction sites. The material defined as Platform is an aggregate chosen to be used as a base in the experimental railway track built for field testing (see Sect. 3.3) . It is sampled and tested to ensure that it fulfils the properties required for such materials in actual railway tracks, but it is not the object of this study.
Laboratory tests
Several laboratory tests were carried out to identify the properties of the soil and rubber materials ( Table 1) . One of the aggregate samples was chosen as a traditional subbalast pattern to be compared with the new mixes. Samples were prepared with the maximum dry density using energy of Modified Proctor. 
Static load plate (φ 300 mm) BS 1377-9 X X LFWD (φ 300 mm) ASTM D4694 X X Additionally, four different aggregate-rubber mixes were prepared, varying the percentage of rubber from 1.0%, 2.5% to 5% and 10% respectively (in terms of weight, Table 2 ). All mixes were prepared using a laboratory planetary mixer, first mixing the aggregate and the rubber shreds during 2 minutes until achieving a homogeneous mix and then adding water and mixing for one more 8
minute. All mixes were tested and the results were later compared to those obtained for traditional subballast. It is important to note that the definition of the percentages of rubber was relatively complex because there is not a clear consensus between all the papers reviewed. Authors tend to try several different rubber contents (in terms of weight or volume) with respect to different criteria and objectives, or even arbitrarily (Speir and Witczak, 1996) . Taking this into account, a first round of CBR tests were carried out and it was found that a rubber content above 10% (in weight) yielded a CBR below 20 and caused problems of bulking. Using this result as a preliminary criterion, a maximum rubber content of 10% was chosen, and the other three configurations (1%, 2.5% and 5%) were also chosen so as to assess the influence of the rubber within the range considered.
Regarding the tests in Table 2 , the cyclic load triaxial test is not required by the PF-7 (2006), but it was nevertheless performed so as to obtain the resilient modulus. This parameter provides some information about the elastic behaviour of a confined material permanently deformed by dynamic loads (Garnica et al., 2001) and is widely used to characterise aggregate materials (Tutumluer and Seyhan, 1999) . The test was carried out according to AASHTO T307-99 (2003) at a controlled temperature of 25 ºC. Cylindrical specimens were made with 100 mm diameter and 200 mm height and a maximum particle size of 20 mm. For each mixture, four specimens were prepared and tested and average results were obtained. The test consisted on 15 load cycles under varying conditions of confining pressure and deviator stress as described in AASHTO T307-99 (2003) . The specimens were dynamically compacted using a 2.5 kg hammer falling from 305 mm, with 100 blows per layer. This yields a compaction energy of 2.632 J/cm 3 .
Field tests
In addition to laboratory tests, an experimental railway platform was built so as to test the placing of the new mixes and their performance on field. This platform consists on a 10x10 m square, excavated to a depth of 35 cm. This depth is completely filled with a layer of aggregate of the material labelled as 'platform' during the lab tests. This material fulfils all the requirements from PF-7 (2006) . This layer represents the railway platform. Over this foundation a second, 30 cm thick layer is laid, representing the subballast. This top layer is divided in four sections, each one with a different material, as shown in Fig. 2 . The different materials used are the same tested in laboratory. Therefore the specified dimensions (10x10 m) were finally chosen as a reasonable agreement, considering also that this is a first approach to the characterisation of this kind of mixes.
It was decided not to build a 10% mix section due to bulking problems. This is further explained in Sect. 4.
The purpose of this experimental platform is twofold: On the one hand, material placing and compaction by conventional means is tested so as to check if the new mixes add any difficulty to the construction process. On the other hand, density and bearing capacity are measured in the four sections in order to assess the differences between the pattern material and the new mixes.
The construction process encompasses the following steps ( Fig. 3) :
-Cleaning and clearing of the area and perimeter, including access paths.
-Soil excavation of 35 cm depth and compaction (95% modified Proctor) of the ground underneath by means of road roller. Samples were taken from the natural soil nearby to identify the maximum density in the laboratory. In-situ density was checked by means of radioactive isotopes.
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-Placing and compaction (98% modified Proctor) of the 'platform' layer. This layer was laid in two sub-layers of 20 cm, each one conveniently compacted and humidified.
Density was once again checked in-situ after compaction.
-Site survey in order to accurately define the four sub-sections of the platform.
-Placing and compaction (98% modified Proctor) of subballast and in-situ density measurement. The tests carried out in this experimental site are listed in Table 1 . Both the static and dynamic (LFWD) load plate tests were carried in parallel with two circular plates of 300 mm of diameter (Fig. 4) . This plate size ensures that the stress bulb is contained between the subballast and platform layers and thus it is not affected by either the natural ground underneath or the platform boundaries. The equipment used for the test was a backhoe of 8.9 tonnes. In order to increase the weight, the backhoe was equipped with a 1 tonne hammer device and the bucket was loaded with 2 tonnes of granular material, hence yielding a total weight of 11.9 tonnes.
The LFWD test was carried out with a mass falling freely over the load plate, applying an impact force of 7.07 ± 0.07 KN over 17 ± 1.5 ms. Only the static load test is required by Spanish Railway Administrator (PF-7 and PGP-2008) to control subballast placing during construction. This test yields a static deformation modulus (E ν1 and E ν2 ). The purpose of carrying out also a dynamic load plate test (which yields a different, dynamic deflection modulus E νd ) is to compare both moduli and observe the relation between both of them, as this is not well established in the literature. Results from these tests are also compared to the ones obtained in the laboratory.
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Results and discussion
Laboratory results
The results obtained from the laboratory tests for both the aggregate material and the rubber particles are detailed in Table 3 . First of all, the tests carried out for the subballast show that the material chosen presents a grain size well within the soil gradation curves required by the PF-7 regulations (Fig. 5) . The Coefficient of Uniformity (C u ) is 80.0, much higher than the one demanded (C u ≥ 14). The Sand Equivalent (SE) is 47, the threshold value established by regulations. Specific gravity of the material is 2.773 g/cm 3 .
The CBR obtained for a sample compacted at 100% Modified Proctor (dry density 2.360 g/cm 3 and optimal moisture 6.2%) is greater than 100. Additionally, the triaxial shear test gave a null effective cohesion and an effective friction angle of 40º. Up to this point the characteristics of the material are good enough for it to be used as subballast.
Additionally, the resistance to fragmentation (LA) is 25, which is lower than required (LA<28). The micro-Deval test yields a result of 10.5, again below to the threshold value (MD < 22). Therefore, this aggregate material does fulfil all the requirements expected for a subballast layer. This good result is quite uncommon for calcareous soils, which are the most abundant in the eastern regions of Spain. The reason is the high content of dolomite in the chosen soil, which provides greater resistance to fragmentation. Usually, when new tracks are built in eastern Spain, the calcareous soil excavated on site needs to be disposed of and replaced by a more competent material, hence increasing the cost and environmental impact of the construction.
Considering now the different rubber-aggregate mixes studied, the first noteworthy result is that all the mixes are within the required gradation curves (Fig. 6) . It is clear then that a 10% (or lower) addition of rubber in terms of weight will not compromise the viability of the mixed material in terms of size gradation. Focusing now in the degradation, all the mixes present an enhanced behaviour compared to the unmixed soil, as the addition of such an elastic material as rubber reduces the wear of the mixture. (20 %), a result that improves the requirements aforementioned. Therefore, an addition of 10% rubber to a more calcareous soil, which usually does not reach the degradation thresholds, may turn an otherwise invalid material for subballast into a suitable one, according to Spanish norms. It could be argued that the Los Angeles and Micro-Deval tests may not be completely appropriate to assess the degradation of rubber-soil mixes, as they were first conceived to measure the abrasion of common, unmixed aggregates. However, it is not the objective of this study to discuss the reliability of these tests (which would require a paper on its own) but to assess the suitability of the rubber-soil mixes under the parameters and tests required by Spanish regulations. These regulations, which are quite similar to the common practice in the railways sector across Europe, are based on existing standard procedures such as the Los Angeles and Micro-Deval tests, and thus the mixtures studied in this paper were assessed according to such standards. However, their aptness is a rather important issue that requires further research and discussion.
That being said, the addition of rubber has other effects that should be taken into account before setting an optimal percentage. First of all, the more rubber added, the lower the density of the material, and this may be an advantage to certain extent as a more light material is obtained.
However, during the CBR test it was found that an addition higher than 10% (in weight) induces bulking, hence increasing dramatically the energy required for compaction. For this reason the experimental platform was built with a maximum 5% of rubber content in one of its four sections, as explained before. Therefore, a rubber addition over 10% of the aggregate weight is not appropriate.
Considering now the bearing capacity, the addition of rubber tends to reduce the CBR. An addition of 2.5% (in weight) yields a threefold reduction when compared with the pattern material (Fig. 8) .
Previous research made for sand and rubber mixes covering a wide range of rubber content (from 10% to 50% in terms of volume) observed a completely different result (Hataf and Rahimi, 2006) . This is because rubber particles are of greater size than sand particles and provide certain degree of entanglement when mixed, hence increasing the bearing capacity and shear strength of the sand. This is not the case in the mixes studied for this paper, where rubber particles are smaller than those of the aggregates used for subballast.
It is worth noting that this test and all the following were performed ensuring a 100% Modified
Proctor density for all the samples.
Nevertheless, despite this trend of reduction, all the mixes studied yielded a CBR index high enough to be used for railway platforms, except the 10% mix (the required CBR is 20 or better).
This mix could be still used, however, for platform layers under the subballast layer in railway lines with low average daily traffic.
Therefore, the addition or rubber provides two main effects. On the one hand, the elastic behaviour and resistance to degradation is improved. On the other hand, bearing capacity is reduced, but it is still within the usual range for a subballast material. This is particularly remarkable because the Spanish railway regulations do not take into account the CBR as a measure of the subballast bearing capacity, relying instead on the static load plate test carried out in situ.
Taking into account all these results, adding rubber to the soil up to about 7.5% in weight will yield a more elastic and less prone to degradation material while ensuring a high enough bearing capacity, hence solving the aforementioned usual problem of high degradation found in calcareous soils which are rather common in South-West Spain.
With regards to the cyclic load triaxial test, Fig. 9a shows that the resilient modulus (M r ) decreases with the addition of rubber. This was expected as density is reduced when rubber is added and that directly affects the resilient modulus. The modulus used for this comparison corresponds to a confining pressure of 34.5 kPa and a deviator stress of 103.4 kPa, (NCHRP, 2004) . The average results are also detailed in Table 4 , including moisture content and strain levels. It is usually required, for materials to be used as support layers, that the resilient modulus is at least over 100 MPa (Brown and Pappin, 1985) , therefore the addition of rubber should be limited to less than 5% in weight. However, the resilient modulus depends on the level of stress, and this is taken into account in Fig. 9b , where M r is compared with Θ, which is the sum of principal stresses (1):
The trend lines drawn in Fig. 9b for each mix as well as for the pattern material correspond to the non-linear Bulk Stress Model usually used (Araya et al., 2012) to study the resilient deformation of unbound granular materials such as the ones considered in this study. This model is ruled by the following equation (2):
Where k 1 and k 2 are non-linear parameters which depend on the material studied (Mohammad et al., 1994) . From Fig. 9b it is clear that, at lower stress levels, the difference in the resilient modulus due to the addition of rubber is much higher than that found and higher stress levels. However, it is worth nothing that for all samples the resilient modulus increases with the stress level; hence the addition of rubber does not alter the typical behaviour of an aggregate material (Gudishala, 2004) . Another interesting result is shown in Fig. 10 , which compares the resilient strain (Fig. 10a ) and permanent strain (Fig. 10b ) with the number of cycles for each mix studied. Both the resilient and permanent strain increases with the number of cycles and the content of rubber. For the 5% mix the A B maximum resilient strain after 2000 cycles is 8E-4 (in unit fraction), while the permanent strain is above 1.2 %. The shear tests carried out showed that all the mixes behave similarly to the pattern material. The parameters obtained were the same (Cohesion = 0 kPa, Effective Friction angle = 47º), and the only difference observed was that the increase in rubber content increases also the horizontal deformation needed to reach the same shear stress. Therefore, the addition of rubber within the range considered in this study (i.e. lower or equal to 10% in weight) does not alter the shear strength of the soil.
Finally, in both the CBR and cyclic load triaxial tests it has been observed that mixtures with higher rubber content retain more moisture after being subjected to load cycles. This is likely due to their higher compressibility.
Field results
The results of the field tests performed in the experimental platform are listed in Tables 5 and 6 .
The tests carried out in the natural ground underneath the experimental platform yield an in situ humidity of 6.8% and a dry density of 1.95 g/cm 3 . The degree of compaction is above 98%. As for the different mixes, from table 6 it is clear that, as the rubber content increases, the percentage of compaction attained increases too, as the density to be reached according to the Modified Proctor Tests is also reduced. Therefore, the addition of rubber may ease the compaction process made with conventional equipment (i.e. road roller). Additionally, both the static and 25 dynamic moduli tend to decrease when more rubber is added, a result already observed during the cyclic load triaxial test. It is worth comparing the results from that test and the dynamic modulus obtained from the LFWD, as the former is a rather complex and expensive test whereas the latter is much more common and affordable. This comparison is shown in Fig. 11 , and the correlation between the Resilient Modulus (M r ) and the Dynamic Deflection Modulus (E vd ) found is:
With a R 2 coefficient of 0.94. This result may be useful to further characterise this kind of mixed materials by means of more cost-effective testing devices such as the LFWD, particularly when more expensive systems such as the cyclic load triaxial test are not available. Another noteworthy result is that all the mixes tested, except the 5 % mix, yield dynamic modulus (E vd ) greater than 50 MPa, which is the threshold required by the German Railways normative NGT 26 39 (1997) for subballast layers. The static modulus (E v2 ) is well over the 120 MPa threshold required by the PF-7 (2006) except, once again, for the 5 % mix (Fig. 12) . All the tests performed (both in laboratory and in the field) are standard procedures defined in ASTM and British norms.
Conclusions
From the results discussed in the previous section, a few conclusions may be drawn. First of all, the addition of rubber particles to a granular material enhances the resistance of the resultant mix against degradation, improving the standard wear coefficients used to test that characteristic (Los Angeles and Micro-Deval). Nevertheless, these standard procedures might not be completely apt for the kind of unbound rubber-aggregates mixes studied.
On the other hand, density and bearing capacity are reduced, but the CBR index obtained is still over 20 (which is a usual minimum for this kind of material) unless the addition of rubber is equal to 10% of the total weight.
The resilient modulus (M r ) obtained from the cyclic load triaxial test also shows the same trend: the more rubber added, the lower the modulus. This difference is more evident for lower stress levels.
In any case, it was found that the content of rubber should be limited to less than 5% (in weight) in order to ensure enough bearing capacity and resilient modulus.
Furthermore, the addition of rubber within the range considered (≤ 10% in weight) does not alter the resistant parameters of the soil obtained from a shear tests. Nevertheless, more deformation is required to reach the maximum shear stress.
From all these results it can be concluded that the addition of a small percentage of rubber to a coarse aggregate may improve the material in terms of resistance to degradation while maintaining its bearing capacity and resilient modulus in acceptable levels. In order to ensure such balance, rubber particles should be added in a proportion lower than 5% in weight. In this way, materials otherwise invalid for their use as subballast in railway platforms may be enhanced and used while fulfilling all the requirements set on Regulations. This may bring an economic advantage in terms of cost reduction, as there would be no need of dispose of the previously inacceptable material and obtain a better and more expensive soil. Moreover, the generalization of this use for rubber particles will allow the recycling of large quantities of scrap tyres, whose accumulation represents an environmental threat to modern societies.
All these potential advantages should encourage further research in this topic, focusing particularly in some aspects that are still not well known, such as the effect of the rubber particle size and the applicability of some of the procedures and thresholds defined in the regulations to materials that are certainly different to those these limits were fixed for. Another important aspect is that the test board used for the field tests was, as explained before, relatively small and not completely in accordance with certain recommendations. In order to better study the behaviour of the mixes, they will be tested in an actual railway platform with real traffic conditions during future stages of research.
Finally, modifying the elasticity of the subballast layer may provide a certain level of attenuation of the vibration caused by the trains. This is a rather important feature as the mitigation of vibration has become a key issue regarding the environmental impact of railway networks; hence it should be studied in the future.
